Ocular anti-vascular endothelial growth factor (VEGF) therapy represents a major breakthrough in the treatment of patients with neovascular age-related macular degeneration (nvAMD). The anti-VEGF agents, ranibizumab and bevacizumab, are both widely used in the treatment of nvAMD although bevacizumab has not yet received regulatory approval for intraocular use. Bevacizumab costs considerably less than ranibizumab when administered as an intraocular injection, which has led to widespread use and studies comparing the efficacy and safety of the two drugs. Bevacizumab shares identical pharmacology with ranibizumab although structural differences result in differences in receptor affinity and rates of drug clearance. While estimates of the vitreous half-life of ranibizumab vary, it is shorter than that of bevacizumab. Furthermore, the serum half-life of bevacizumab is about 20 days, more than twice that of ranibizumab and this has led to speculation that it may present a greater risk of systemic adverse effects. Considerable clinical trial evidence exists relating to the efficacy and safety of ranibizumab. The Comparison of age-related macular degeneration treatments trials (CATT) study of the two drugs found efficacy to be equivalent for the as needed versus as needed and monthly versus monthly comparisons. Ranibizumab as needed was equivalent to monthly ranibizumab, though the bevacizumab as needed was not equivalent to monthly bevacizumab. A greater number of serious adverse events (SAEs) occurred with bevacizumab. However, the study was insufficiently powered to identify differences in drug-related adverse events. Intravitreal injection of bevacizumab is associated with a low but significant risk of acute intraocular inflammation, shown to result in significant visual loss in some patients. Finally, there are issues related to fractionating of bevacizumab that has lead to sporadic cases of blindness worldwide. The increased risk for both systemic and ocular adverse events may influence the cost-effectiveness ratio of the two drugs based on health economic models.
In developed nations, age-related macular degeneration (AMD) has been the principal cause of severe vision loss and blindness among people aged over 50 years. [1] [2] [3] AMD can be classified into dry and wet types. Angiogenesis is a key feature of neovascular AMD (nvAMD), the wet type of advanced AMD, characterised by haemorrhagic or serous liquid leakage from a subretinal neovascular membrane and the lifting of retinal layers initiating injury to the photoreceptors and retinal pigment epithelium. This abnormal growth of newly formed vessels in the macula is termed choroidal neovascularisation (CNV). [4] [5] [6] Vascular endothelial growth factor (VEGF) is a cytokine that promotes vascular endothelial cell replication/survival and is involved in the pathogenesis of CNV in nvAMD. VEGF has therefore been a target in CNV treatment, and this has led to the development of biological agents that bind to VEGF and inhibit angiogenesis. [7] [8] [9] [10] Several biological anti-VEGF agents have now been clinically developed, of which ranibizumab and bevacizumab are the most widely used in nvAMD therapy.
Ranibizumab (Lucentis ® ) is an affinity matured fragment of a humanised anti-VEGF mouse monoclonal antibody designed for use in ophthalmology and is approved in the US, Europe, Japan and other countries for nvAMD treatment. 11 Its approval was based on safety and efficacy data from large randomised controlled trials (RCTs) which demonstrated that ranibizumab improved visual acuity (VA) in a substantial proportion of treated patients with nvAMD.
Ongoing pharmacovigilance activities are in place to ensure that the safety of ranibizumab use in clinical practice is monitored. [12] [13] [14] [15] [16] Bevacizumab (Avastin ® ) is a humanised anti-VEGF mouse monoclonal antibody that is widely used off-label in ophthalmology as an intravitreal administration. However, the drug is formulated for intravenous infusion, not intravitreal injection. [17] [18] [19] Bevacizumab is approved in the US only for the treatment of metastatic colorectal cancer. 14, 20, 21 Bevacizumab is a full-length antibody that is derived from the same mouse monoclonal antibody precursor as ranibizumab but without further ligand affinity improvements as were conducted with ranibizumab.
Bevacizumab has become widely used in recent years because it costs considerably less than ranibizumab when administered as an intraocular injection due to fractionation of a single bevacizumab vial into multiple unit doses. 22 The UK list price of ranibizumab is £742. 17 per vial excluding VAT, which represents a reduction from the price of £761. 20 listed in the current British national formulary (several programmes in various countries provide cost reductions), whereas bevacizumab costs £85 pre VAT per injection supplied by Moorfields pharmacy. This cost difference has led to widespread use of bevacizumab. 23, 24 Given the huge price difference between intravitreal doses of the two molecules and an assumption of non-inferiority, important data need to be generated from formal health economic evaluations that take into account incremental costs not considered when using bevacizumab, including management of increased particular adverse events, manufacturing quality, pharmacovigilance and risk management plans.
The cost of a single intravitreal dose of bevacizumab is lower, but ranibizumab was developed specifically for ocular use and is manufactured according to US Pharmacopoeia specifications for intraocular injection. 22, [25] [26] [27] [28] [29] Furthermore, there are systemic safety concerns relating to intravitreal bevacizumab injection that may be related to prolonged systemic exposure to this agent. 30, 31 This review aims to consider the molecular differences, existing safety and efficacy data of the two drugs, both in terms of ocular inflammation and systemic effects and the health economics positions associated with both of these therapies.
Molecular Differences between Ranibizumab and Bevacizumab
Direct intravitreal injection has become a common approach for delivering biological therapies to the posterior segment of the eye.
Although intravitreally injected full-length antibodies penetrate the retina in a similar manner to antibody fragments, 32 their fate after entering the retina is not yet fully understood. A recent study of intravitreal ranibizumab and bevacizumab injection in rabbits found that the two drugs were cleared from the vitreous humour with half-life of 2.8 and 4.2 days, respectively, though both remained detectable until 21 and 28 days. 33 Estimates of the half-life of ranibizumab in humans vary. According to the summary of product characteristics, ranibizumab has a vitreous half-life of about nine days and a serum half-life also of nine days. 34 However, a recent report estimated the half-life of ranibizumab in humans as 4.75 days, based on published animal studies and mathematical models, but this has not been validated in clinical studies. 35 A human study found that the half-life of 1.5 mg intravitreally injected bevacizumab is 9.82 days. 36 Of greater significance is the difference in serum half-life. A study of bevacizumab in solid tumours found that its pharmacokinetic properties are consistent with that of a typical humanised monoclonal antibody, with a systemic terminal half-life in humans of approximately 20 days, double that of ranibizumab. 37 The localised versus systemic antibody effects of the two drugs have been studied in animal models. The vitreous half-life of ranibizumab is somewhat shorter than for bevacizumab, with higher peak concentrations of drug identified in the aqueous humour of the bevacizumab-treated eye. In trials comparing the pharmacokinetics of intravitreal ranibizumab with intravitreal bevacizumab in rabbits, ranibizumab was below the limit of detection in the systemic circulation as well as in the uninjected fellow eye after intravitreal ranibizumab injection; however, after bevacizumab injection, small quantities of intravitreal bevacizumab were identified at both sites (see Figure 1) . 38, 39 Trials in mice showed that intravitreally administered full-length immunoglobulin G (IgG) was transported across the blood-retinal barrier into the systemic circulation, indicating that systemic Safety and Efficacy of Ranibizumab and Bevacizumab Figure 2) . 21, 40 It can be concluded from preclinical studies of anti-VEGF treatments that overlapping yet distinct pharmacological properties of ranibizumab and bevacizumab indicate that efficacy and safety data obtained for one drug cannot be extrapolated to the other. 
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A study to evaluate VEGF plasma levels in AMD patients before and after intravitreal injections of ranibizumab or bevacizumab found a significant reduction in VEGF plasma levels during the first 28 days after intravitreal bevacizumab injection. Ranibizumab also achieved VEGF reduction at the same time-point, but not to a level of statistical significance. This difference may result in distinct systemic safety profiles.
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Efficacy of Ranibizumab and Bevacizumab
Ranibizumab
The The Phase IIIb, multicentre, randomised, double-masked, sham
Injection-controlled, two-year study of the Efficacy and safety of Ranibizumab (PIER) trial was designed to assess patients with subfoveal CNV with or without classic CNV secondary to AMD. It also examined dosing regimen to determine whether ranibizumab can be given less frequently (i.e. at three-month intervals) compared with monthly intervals. VA improved significantly at one year versus the sham group.
The two-year results demonstrated that switching to monthly ranibizumab dosing provided further VA benefit, but this improvement was not observed in patients who delayed switching after more than 14 months of sham injections. This indicates that ranibizumab may not be effective as a salvage treatment in nvAMD and that optimal treatment outcomes appear to occur in patients with earlier stages, as previously also shown in MARINA and ANCHOR. 51, 52 The Efficacy and safety of ranibizumab in patients with subfoveal choroidal neovascularisation secondary to age-related macular degeneration (EXCITE) trial was a 12-month, multicentre, randomised, double-masked phase IIIb study of monthly versus quarterly ranibizumab treatment in 353 patients, with predominantly classic, minimally classic, or occult lesions. At month 12, BCVA gain in the monthly regimen was higher than that of the quarterly regimens.
Increases from baseline to month 12 were 4.9, 3.8 and 8. 
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The aim of the CATT study was to assess the relative efficacy and safety of ranibizumab and bevacizumab and to determine whether an as-needed regimen would compromise long-term visual acuity, as compared with a monthly regimen. At one year, bevacizumab and ranibizumab showed equivalent efficacy in maintaining VA. The trial also compared two dosing regimens: a monthly regimen, which is considered the standard for treatment, versus an as-needed regimen,
i.e. drug administration only when signs of exudation were present.
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Safety and Efficacy of Ranibizumab and Bevacizumab Mean (± SE) Change in Visual-Acuity Score from Baseline (number of letters)
Ranibizumab monthly +3.6 ± 0.5 +6.1 ± 0.7 +6.6 ± 0.8 +7.5 ± 0.9 +8.5 ± 0. ( n = 2 7 7 ) ( n = 2 9 5 ) ( n = 2 9 1 ) ( n = 2 7 3 ) ( n = 2 6 0 ) ( n = 2 7 7 ) ( n = 2 7 5 ) ( n = 2 7 1 ) ( n = 2 5 5 ) ( n = 2 7 4 ) ( n = 2 6 1 ) ( n = 2 6 0 ) ( n = 2 5 1 ) ( n = 2 6 5 ) ( n = 2 5 0 ) ( n = 2 8 4 ) ( n = 2 6 5 ) ( n = 2 8 5 ) ( n = 2 7 1 ) Figure 4) . 58 The anatomical data on efficacy, be it cessation of leak on fundus fluorescein angiography (p<0.001) or resolution of fluid on OCT it is noteworthy that they were significantly different (8.5 ± 14.1, 5.9 ± 15.7, p=0.04, two-sided test). In the monthly ranibizumab group, 3 % more patients gained ≥ 3 lines, which would have been a significant difference if the group sizes were larger (n=805). However, partly due to the high variability in outcome, the trial was insufficiently powered to detect small differences. 61 If this was the patient's better eye, however, then gaining ≥3 lines equates to a considerably improved quality of life 12 for one in 30 patients, which may be an important factor for a patient choosing between ranibizumab and bevacizumab. 61 In conclusion, clinicians should consider recommending only monthly ranibizumab, rather than strict, aggressive pro re nata (PRN).
Safety of Ranibizumab and Bevacizumab
An electronic search was conducted to review the issue of safety associated with the use of either ranibizumab or bevacizumab. PubMed was searched for relevant terms, including bevacizumab, ranibizumab, safety, macular degeneration, intraocular pressure, endophthalmitis, inflammation, myocardial infarction, stroke and non-ocular haemorrhage.
Furthermore, where relevant, safety data were documented in comparative RCTs identified from the efficacy review. Clinical trials written in English language that demonstrated robust data, e.g.
well-designed RCTs that address the relevant issue, were considered for inclusion in this review. Substantial data without some factors, e.g. based on randomised studies but with deficiencies, for example lack of clearly identified primary outcomes, inclusion or exclusion criteria, or long enough follow-up, were also considered. The search excluded papers that were not about nvAMD, or used a compound other than bevacizumab or ranibizumab. The search was limited to reports published within the last six years.
Ocular Safety
In the large RCTs of ranibizumab, severe ocular events were rare. The ANCHOR trial documented a rate of 1.1 % endophthalmitis in the ranibizumab group. Among 140 patients treated with 0.5 mg of ranibizumab, presumed endophthalmitis occurred in two patients (1.4 %) and serious uveitis in just one individual (0.7 %). 13, [48] [49] [50] In the MARINA trial, during 24 months of follow-up, presumed endophthalmitis was identified in five patients (1.0 %) and serious uveitis in six patients (1.3 %). 12, 15, 46 In the PIER trial, no ranibizumab arterial thromboembolic events (ATEs) occurred. 52 In a study to assess the safety of repeated intravitreal injections of ranibizumab, one case each of endophthalmitis, iridocyclitis and central retinal vein occlusion was reported (n=64).
No serious systemic adverse events were noted. However, three cases of vitreous reaction and one case of massive subretinal haemorrhage were reported in the higher dose group, suggesting that a dose of 2.5 mg may be associated with a higher rate of adverse events. 64 The ABC trial showed relatively low rates of serious ocular adverse events among 65 patients treated with bevacizumab. Retrospective studies in Canada of patients after three years of treatment with either ranibizumab or bevacizumab, found that patients who received bevacizumab were 12 times more likely to develop severe intraocular inflammation versus those receiving ranibizumab. 67 The high incidence of ocular inflammation in Canadian patients led
Roche to release a 'Dear Healthcare Provider' letter advising of these Safety and Efficacy of Ranibizumab and Bevacizumab
adverse events and highlighting safety concerns associated with the use of intravitreal bevacizumab. 68 One potential explanation for excessive inflammation may be its larger protein load, a result of the additional Fc fragment not present in ranibizumab. 69 This may induce an immunogenic response.
Against this theory is that this Fc fragment is immune privileged.
However, aflibercept (VEGF-trap) also has an Fc fragment and this inflammation is generally not seen. Another possible explanation is that bevacizumab is packaged for oncological use in 100 mg containers. When these are broken down into smaller units for ocular use, there is a risk of microbial contamination owing to incorrect handling procedures. 70 The Royal College of Ophthalmologists has warned that when vials of bevacizumab are split to obtain the needed dose, the amount of protein administered to patients is unknown, which could lead to problems due to side effects or reduced effectiveness. 71 It has since called for a review of bevacizumab in AMD. There are significant differences in IgG concentration measured from repackaged bevacizumab syringes. Large particulate matter within some samples has been hypothesised to lead to obstruction of aqueous outflow and subsequent elevation in intraocular pressure. 42 In September 2011, the US Department of Veterans Affairs (VA) ceased ophthalmological use of Avastin pending the results of an ongoing investigation.
In October 2011, interim guidelines were published which permitted the use of bevacizumab only under certain conditions of use. According to these guidelines, only one dose of medication is to be prepared from the vial and administered in a syringe. If both eyes are to be treated, a separate vial and syringe must be utilised. 72 
Systemic Safety
An interim analysis from the Safety assessment of intravitreal lucentis for AMD (SAILOR) study demonstrated a trend for an increase in the incidence of stroke in the group treated with 0.5 mg ranibizumab, compared with the 0.3 mg dose. Furthermore, the incidence of stroke was higher when pre-existing factors were present, specifically either a previous history of stroke or arrhythmia. 73, 74 All other RCTs of ranibizumab showed that systemic events were rare. 13, 15, 47, 49, 52, 62 There is concern about the risk of systemic adverse events following the use of bevacizumab because of its longer systemic half life and systemic absorption after intraocular injection. Most serious drug toxicities are detected through post-marketing safety surveillance or pharmacovigilance but this procedure does not exist for drugs that have unlicensed use so the true risk of adverse events is not being reported.
In human case series, reduced blood-VEGF levels post-intravitreal bevacizumab injection showed that bevacizumab enters the general circulation, giving the potential for systemic effects (see Figure 5) . 75 When used systemically with chemotherapeutic agents, bevacizumab can double the risk of ATEs compared with chemotherapy alone. Data from the tables accessible in the supplement appendix 78 demonstrate that disabling or life-threatening events occurred in 3.51 % of the combined ranibizumab and in 5.61 % of the combined bevacizumab groups (p=0.04), 1.5 % of whom were being treated with ranibizumab and 2.5 % of whom were taking bevacizumab died.
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A retrospective study of a Medicare claims database of 146,942 beneficiaries has provided the largest available dataset directly comparing the safety profiles of ranibizumab and bevacizumab. After adjustment for patient characteristics, it observed significantly lower hazards of all-cause mortality and stroke with ranibizumab (n=19,026) compared with bevacizumab (n=21,815) (see Table 1 ). 79, 80 A further analysis of the Medicare claims database showed an 11 % greater overall mortality and a 57 % higher risk of haemorrhagic cerebrovascular accident for bevacizumab, over a 10-month follow up In a post-marketing study to compare short-term (one year) survival of predominantly male subjects treated for AMD with those with dry AMD who received no treatment, it was found that mortality was unaffected by exposure to therapeutic levels of vitreous bevacizumab and ranibizumab. 82 In a systematic review of efficacy and safety outcomes for the two anti-VEGF agents it was concluded that, in contrast to ranibizumab, current safety data for bevacizumab are incomplete and not yet robust. If the medical community remains committed to using intravitreal bevacizumab, it is critical to establish that it has an acceptable safety profile, supported by evidence-based medicine.
Considerable further research is warranted to achieve this.
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Conclusion
There is extensive robust and consistent evidence to support the efficacy and safety of ranibizumab in nvAMD. Data suggest that bevacizumab provides efficacy in wet AMD, but the safety profile of intravitreal bevacizumab remains to be established. There is the possibility of greater systemic effects of bevacizumab, possibly be due to its longer systemic half life after administration.
There are also data to suggest that bevacizumab may have a higher risk of incidence of severe intraocular inflammation and
ATEs. This incremental risk for systemic and ocular adverse events may influence the cost-effectiveness ratio based on health economic models that directly compare one anti-VEGF agent to the other.
Head-to-head studies including CATT show non-inferiority in VA when both drugs are given monthly (but not PRN), but these studies may not be powered for safety, particularly for rare but possibly fatal events such as ATEs. Even if all data are pooled from main head-to-head studies this will still be insufficient to detect safety differences between ranibizumab and bevacizumab. Continuous monitoring of safety data in postmarketing will be important to examine the incidence of adverse events. However there remains a requirement for large trials that are powered for safety to completely clarify the incidence of rare adverse events with ranibizumab or bevacizumab.
Future Developments
A continuing pharmacovigilance programme for ranibizumab will ensure that clinicians and patients are notified if any significant risks appear with the long-term therapy of this agent. Substantial additional studies are necessary to attain a satisfactory safety profile for bevacizumab, proven by evidence-based medicine. n
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